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High-doping induced Urbach tails and band gap narrowing play a significant role in determining
the performance of tunneling devices and optoelectronic devices such as tunnel field-effect transistors
(TFETs), Esaki diodes and light-emitting diodes. In this work, Urbach tails and band gap narrowing
values are calculated explicitly for GaAs, InAs, GaSb and GaN as well as ultra-thin bodies and
nanowires of the same. Electrons are solved in the non-equilibrium Green’s function method in
multi-band atomistic tight binding. Scattering on polar optical phonons and charged impurities is
solved in the self-consistent Born approximation. The corresponding nonlocal scattering self-energies
as well as their numerically efficient formulations are introduced for ultra-thin bodies and nanowires.
Predicted Urbach band tails and conduction band gap narrowing agree well with experimental
literature for a range of temperatures and doping concentrations. Polynomial fits of the Urbach tail
and band gap narrowing as a function of doping are tabulated for quick reference.
I. INTRODUCTION
The need for ultra-low power applications, efficient
lighting and renewable energy sources have resulted in
the development of novel devices such as the tunnel
field-effect transistors (TFETs)1–3, GaN/InGaN light-
emitting diodes (LEDs)4–6 and high-performance solar
cells7–9. Carrier transport and sub-60 mV subthresh-
old slope (SS) performance in TFETs, optical recombi-
nation and carrier generation in LEDs is highly depen-
dent on a good description of conduction and valence
band properties. Tailing of band edge states (known as
Urbach tails/band tails) and band gap narrowing can
significantly alter the device behaviour. For instance,
the switching behaviour of TFETs is drastically affected
by such band tailing10,11. Exponentially decaying band
tail states (below the conduction band and above the
valence band) are known to fundamentally limit the low-
est achievable SS in TFETs10,12. On the other hand,
band gap narrowing is known to alter the optical fre-
quency at which recombination and carrier generation
occurs in LEDs and solar cells. It also shifts the turn-on
and threshold voltage of optical devices and the tunneling
current in TFETs4,13.
Band tailing and band gap narrowing effects are mainly
attributed to the interaction of electrons and holes with
phonons, randomly distributed dopant impurity atoms
and native lattice disorders and defects. They ex-
hibit a strong dependence on temperature and doping
concentration.14–17 Though the effect has been studied
for quite some time, actual values for specific materi-
als are based either on heuristic models or parameters
that are directly extracted from experimental observa-
tions.11,14,15,17,18 This situation is inconvenient, since the
validity of the heuristic expressions is limited by the dop-
ing range and underlying assumptions on the band dis-
persion. In addition, band gaps and tailing of confined
devices such as ultra-thin body and nanowires are noto-
riously hard to predict without the presence of available
experimental data.
In this work, band-tailing and band gap narrowing
are predicted with scattering self-energies in the frame-
work of the non-equilibrium Green’s function (NEGF)
method. The predicted values depend only on mate-
rial dependent parameters. The NEGF method is among
the most detailed quantum transport methods for elec-
tronic, thermal and optoelectronic effects in a variety
of nanodevices 19–24. It has been applied in model-
ing transistors25–27, resonant-tunneling devices28, metal-
semiconductor contacts29,30, phonon transport across
interfaces31, GaN/InGaN light-emitting diodes4 with
quantitative agreements with experimental data. In this
work, incoherent scattering is modeled through scatter-
ing self-energies within the self-consistent Born approxi-
mation (SCBA).20 Amongst the scattering mechanisms
present in doped III-V semiconductors, polar optical
phonons (POP) and charged impurity scattering mech-
anisms are the dominant mechanisms32,33. Both scat-
tering mechanisms are considered including electrostatic
screening effects. The scattering self-energies for both
scattering mechanisms are derived for ultra-thin bodies
and nanowires and then verified against Fermi’s golden
rule. Urbach tails and band gap narrowing parameters
are extracted from the NEGF predicted density of states
(DoS) for GaAs, InAs, GaSb and GaN and respective
nanodevices. Simulated results are benchmarked against
experimental data. A simple analytical formula for Ur-
bach tail and band gap narrowing in ultra-thin bodies
and nanowire devices is fit against the NEGF predictions
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2and respective parameters are provided as guideline val-
ues.
II. SIMULATION APPROACH
A. Device representation
All NEGF simulations in this work have been per-
formed with the multi-purpose nanodevice simulation
tool NEMO5.34 Bulk, ultra-thin body and nanowire
devices considered in this work are all modeled in
atomic resolution with the atoms in their native lattice.
GaAs, InAs and GaSb are considered in the conventional
zincblende cystal structure and GaN in the wurtzite
structure. A 10-band sp3d5s* tight-binding Hamiltonian
is used to describe conduction and valence bands.35,36
Both POP and charged impurity scattering mechanisms
are long-ranged and the extent of non-locality is deter-
mined by the electrostatic screening length. For all the
discussions in the subsequent sections, the respective de-
vice is assumed to be in equilibrium with the density cor-
responding to the doping concentration. Self-energies de-
rived are solved self-consistently with the corresponding
Green’s function following the self-consistent Born ap-
proximation scheme. The convergence is achieved once
maximum relative particle current variation of 10−5 is
given throughout the device. The retarded (GR) and
lesser than (G<) Green’s functions are solved with
GR =
(
EI −H − ΣRpop − ΣRimp − ΣRsource − ΣRdrain
)−1
G< = GR
(
Σ<pop + Σ
<
imp + Σ
<
source + Σ
<
drain
)
GR†
(1)
where ΣRpop and Σ
<
pop are the retarded and lesser scatter-
ing self-energies for polar optical phonon scattering and
ΣRimp and Σ
<
imp are the retarded and lesser scattering self-
energies for charged impurity scattering.
B. Scattering self-energy formulas
Charged impurity scattering is modeled assuming ho-
mogeneously distributed impurity atoms. In this work,
Brooks-Herring impurity scattering37 is employed due
to the considered doping concentration ranging from
1 × 1017 cm−3 up to 5 × 1019 cm−3). The screened im-
purity scattering potential is given by
|Uimp,q|2 = Z
2e4
20
2
s (q
2 + ζ−2)2
(2)
where Z is the number of electrons in a single dopant
atom (taken to be 1 in this work) and ζ is the screen-
ing length. The positive elementary charge is given by e
and 0 is the vaccuum permitivity. Electrostatic screen-
ing of conduction band electrons is calculated within the
Lindhard formalism38 where the screening length is rep-
resented as
ζLindhard =
(
e2
0s
−2
(2pi)3
∫
d~q
∂f
∂
∣∣∣∣
(~q)
)−1/2
(3)
where f is the electronic distribution function and the
momentum integral runs over the first Brillouin zone. For
this and all following expressions, three dimensional vec-
tors are denoted with a ~ and two dimensional vectors
are boldfaced.
The Fro¨hlich coupling is considered for the electron-
phonon interaction potential39
|Upop,q|2 = e2 h¯ωLO
20
(
1
∞
− 1
s
)
q2
(q2 + ζ−2)2
(4)
The static and dynamic dielectric constants are repre-
sented by s and ∞ respectively. The phonon frequency
and momentum are denoted with h¯ωLO and q, respec-
tively. The LO phonons are assumed as plane waves
in all directions for bulk, UTBs and nanowires. The
longitudinal-optical (LO) phonon frequency is assumed
to be momentum independent and to agree with its value
at the Γ point. Phonon frequencies and dielectric con-
stants used for GaAs, InAs, GaSb and GaN are listed in
Table I.
Electron scattering on charged impurities and polar op-
tical phonons is non-local which yields significant numer-
ical load. To limit the numerical burden, the integrals in
the scattering self-energies are solved analytically as far
as possible. Therefore, the self-energies are formulated
separately for each confinement setting (ultra-thin body
and nanowires). For completeness, the formulas for three
dimensional, unconfined (bulk) systems are listed here as
well. All scattering self-energy formulas below are given
in position representation for nanowires, in position space
and one dimensional momentum space for ultra-thin bod-
ies and in position and two dimensional momentum space
for bulk systems, respectively. The position representa-
tion translates directly into the atomistic tight binding,
since all atoms have different coordinates. Interorbital
transitions are only included on the same atom, i.e. when
the two position coordinates of the scattering self-energy
agree. On the same atom, all interorbital transitions are
considered equally likely. Nonlocal scattering between
different atoms is limited to same orbital types only to
reduce the peak memory usage and the time to solution.
To correct this underestimation of nonlocal scattering,
the scattering self-energies are multiplied with a compen-
sation factor that is deduced from Fermi’s golden rule as
detailed in Sec. II E.
The general expression for the retarded and lesser
scattering self-energy of electrons scattering on homoge-
neously distributed charged impurities read24
Σ<,Rimp (~x1, ~x2, E) =
1
(2pi)3
ND
∫
d~q |Uimp,q|2 ei~q·(~x1−~x2)
×G<,R(~x1, ~x2, E)
(5)
3GaN GaAs GaSb InAs
LO phonon frequency (h¯ωLO) 92 meV 36 meV 30 meV 30 meV
Static dielectric constant (s) 10.4 12.95 15.69 12.3
Infinite freq. dielectric constant (∞) 5.47 10.9 14.4 11.6
TABLE I. Material parameters used for GaN, GaAs, GaSb and InAs. GaN material parameters have been obtained from
Refs.40,41, GaAs material parameters from Refs.42,43, GaSb material parameters from Refs.44,45 and InAs parameters from
Refs.46,47
where the momentum integral runs over the first Bril-
louin zone. Deriving expressions for different levels of
periodicity, we have the following expressions for bulk,
ultra-thin body and nanowires. Impurity scattering self-
energies in 3D periodic systems (bulk) can be expressed
as20,24
Σ<,Rimp (x1, x2,k, E) =
ND
4 (2pi)
2
(
e2
0s
)2
×
∫
dk′
[(
|x1 − x2|+ 1/
√|k − k′|2 + ζ−2
|k − k′|2 + ζ−2
)
×e−
(√
|k−k′|2+ζ−2|x1−x2|
)
G<,R (x1, x2,k
′, E)
] (6)
Charged impurity scattering self-energies for UTB de-
vices read
Σ<,Rimp (x1,x2, k, E) =
ND
(8pi)2
(
e2
0s
)2
×
∫
dk′I(k, k′,x1,x2)G<,R (x1,x2, k′, E)
(7)
where
I(k, k
′
,x1,x2) =
pi |x1 − x2|√
(k − k′)2 + ζ−2
×K1
(√
(k − k′)2 + ζ−2 |x1 − x2|
)
, |x1 − x2| 6= 0
pi
(k − k′)2 + ζ−2 , |x1 − x2| = 0
(8)
where K1 is the Bessel-K function of order 1. Finally,
charged impurity scattering self-energies for nanowires
can be expressed as
Σ<,Rimp (~x1, ~x2, E) =
ND
8pi
(
e2
0s
)2
×ζe−|~x1−~x2|/ζG<,R (~x1, ~x2, E)
(9)
All analytical results for the scattering kernels above as-
sume momentum integrations run from (−∞,∞) rather
than over the first Brillouin zone only. Since the scatter-
ing potentials decay sharply with increasing momentum,
this approximation does not affect the overall result.24
The general expression for the lesser scattering self-
energy of electrons scattering with phonons reads48
Σ<pop (~x1, ~x2, E) =
1
(2pi)3
∫
d~q |Upop,q|2 ei~q·(~x1−~x2)
×
[
NphG
< (~x1, ~x2, E − h¯ωLO)
+(1 +Nph)G
< (~x1, ~x2, E + h¯ωLO)
] (10)
where Nph is the number of phonons due to the Bose
distribution evaluated for the LO phonon energy. The
momentum integral in Eq. 10 runs over the first Brillouin
zone. Starting with this expression and solving for each
degree of periodicity, we get
Σ<pop (x1, x2,k, E) =
e2pi
(2pi)3
(
1
∞
− 1
s
)
h¯ωLO
20
×
∫
dk′
e
−
(√
|k−k′|2+ζ−2|x1−x2|
)
√|k − k′|2 + ζ−2
(
1− ζ
−2 |x1 − x2|
2
√|k − k′|2 + ζ−2 − ζ−22 (|k − k′|2 + ζ−2)
)
×
[
NphG
< (x1, x2,k
′, E − h¯ωLO) + (Nph + 1)G< (x1, x2,k′, E + h¯ωLO)
] (11)
4ΣRpop (x1, x2,k, E) =
e2pi
(2pi)3
(
1
∞
− 1
s
)
h¯ωLO
20
×
∫
dk′
e
−
(√
|k−k′|2+ζ−2|x1−x2|
)
√|k − k′|2 + ζ−2
(
1− ζ
−2 |x1 − x2|
2
√|k − k′|2 + ζ−2 − ζ−22 (|k − k′|2 + ζ−2)
)
×
[
(Nph + 1)G
R (x1, x2,k
′, E − h¯ωLO) +NphGR (x1, x2,k′, E + h¯ωLO) + 1
2
G< (x1, x2,k
′, E − h¯ωLO)
−1
2
G< (x1, x2,k
′, E + h¯ωLO) + i
∫
dE˜
2pi
G<(x1, x2,k
′, E˜)
(
Pr
1
E − E˜ − h¯ωLO
− Pr 1
E − E˜ + h¯ωLO
)]
(12)
for bulk systems. This expression has been used exten-
sively in modeling quantum cascade lasers24 and LEDs23.
The POP phonon scattering self-energies for UTB devices
reads
Σ<pop (x1,x2, k, E) =
e2
(2pi)3
(
1
∞
− 1
s
)
h¯ωLO
20
×
∫
dk
′
I(k, k′,x1,x2)
[
NphG
< (x1,x2, k
′, E − h¯ωLO) + (1 +Nph)G< (x1,x2, k′, E + h¯ωLO)
] (13)
ΣRpop (x1,x2, k, E) =
e2
(2pi)3
(
1
∞
− 1
s
)
h¯ωLO
20
×
∫
dk
′
I(k, k′,x1,x2)
[
(1 +Nph)G
R (x1,x2, k
′, E − h¯ωLO)
+NphG
R (x1,x2, k
′, E + h¯ωLO) +
1
2
G<(x1,x2, k
′, E − h¯ωLO)− 1
2
G<(x1,x2, k
′, E + h¯ωLO)
+i
∫
dE˜
2pi
G<
(
x1,x2, k
′, E˜
) (
Pr
1
E − E˜ − h¯ωLO
− Pr 1
E − E˜ + h¯ωLO
)] (14)
where
I(k, k′,x1,x2) =
pi
√(k − k′)2 + ζ−2 |x1 − x2|+ (k − k′)2 |x1 − x2|√
(k − k′)2 + ζ−2

×K1
(√
(k − k′)2 + ζ−2 |x1 − x2|
)
, |x1 − x2| 6= 0
pi
[
1 +
(k − k′)2
(k − k′)2 + ζ−2
]
, |x1 − x2| = 0
(15)
K1 is the Bessel-K function of order 1. Finally, POP
scattering self-energies in nanowires can be written as
Σ<pop (~x1, ~x2, E) =
e2
(2pi)3
(
1
∞
− 1
s
)
h¯ωLO
20
×I(~x1, ~x2)
[
NphG
< (~x1, ~x2, E − h¯ωLO)
+ (1 +Nph)G
< (~x1, ~x2, E + h¯ωLO)
] (16)
ΣRpop (~x1, ~x2, E) =
e2
(2pi)3
(
1
∞
− 1
s
)
h¯ωLO
20
I(~x1, ~x2)
×
[
(1 +Nph)G
R (~x1, ~x2, E − h¯ωLO)
+NphG
R (~x1, ~x2, E + h¯ωLO)
+
1
2
G<(~x1, ~x2, E − h¯ωLO)− 1
2
G<(~x1, ~x2, E + h¯ωLO)
+i
∫
dE˜
2pi
G<
(
~x1, ~x2, E˜
)
×
(
Pr
1
E − E˜ − h¯ωLO
− Pr 1
E − E˜ + h¯ωLO
)]
(17)
5where
I(~x1, ~x2) =
4pi2
a
 1
2
(
ζ2
(pi
a
)2
+ 1
) − 3a
2ζpi
tan−1
(
ζpi
a
)
+ 1
 ,
∀ |~x1 − ~x2| = 0
pi2
ζ
(
2ζ
|~x1 − ~x2| − 1
)
e−|~x1−~x2|/ζ , |~x1 − ~x2| 6= 0
(18)
Similar to the charged impurity scattering self-energies
derivation, the phonon momentum integration is as-
sumed to run over (−∞,∞). In the numerical implemen-
tation of the retarded self-energies for inelastic scattering
on polar optical phonons, the principal value integrals are
neglected due to their minimal contribution but rather
high numerical load.49
C. Band tails and band gap narrowing
The Urbach band tail parameters (EUrbach) are ex-
tracted from the slope of the exponentially decaying den-
sity of states below the band edge
EUrbach =
(E1 − E2)
log
Im
[
GR(~x, ~x,E1)
]
Im [GR(~x, ~x,E2)]
(19)
where E1 is one LO phonon energy below the ballistic
band edge and E2 is an integer number of phonon ener-
gies below E1. The Green’s functions are evaluated at a
position ~x in the center of the device. To compensate for
small numerical fluctuations of the band tail, Eq. 19 is
solved for several E2 ranging between 2 and 4 LO phonon
energies below E1. The average of these values is then
used for the actual EUrbach result.
The real part of the retarded scattering self-energy pro-
vides an energy shift and the imaginary part provides a
energy broadening of the electronic states. Band gap
narrowing is determined by running two sets of simula-
tions - the first simulation solves for only the imaginary
part of the retarded self-energy and its real part is set
to zero. In that case, the band edges agree with those
of ballistic calculations. In the second NEGF calculation
the full retarded self-energy is solved. Note that the re-
tarded self-energies only then fulfills the Kramers-Kro¨nig
relation. The band edges of this second case are defined
as those energies where the density of states amplitude
agrees with the band edge density of state amplitude of
the first case, i.e. of the NEGF solution with purely
imaginary retarded self-energy. The band gap narrowing
is assumed to equal the differences in the band edges of
those two cases.
EBGN = Eedge
(
Re
(
ΣR
)
= 0
)− Eedge (Re (ΣR) 6= 0)
(20)
D. Scattering rates from retarded self-energies
Self-energies are verified by comparing their on-shell
scattering rates against corresponding Fermi’s golden
rule results. On-shell scattering rates are computed by
performing a basis transformation on the imaginary part
of the retarded self-energy from the Wigner coordinate
(x−x′) to the momentum space (x being the transport di-
rection). In many-band tight-binding, for a given energy-
momentum (E-k) tuple, multiple on-shell target momen-
tum values can be available to Fourier transform x− x′.
All their contributions need to be summed up for each re-
spective E-k tuple. For ultra-thin bodies and nanowires,
the self-energy is first transformed into the space spanned
by the corresponding cross sectional modes ζi. Then they
are Fourier transformed to get both the inter and intra-
mode scattering rates.
Following are the on-shell scattering rates as functions
of retarded self-energies for bulk48, ultra-thin bodies and
nanowires
Γ (k, kx, E) = −
∑
kx
[
2
h¯a
∫ ∞
−∞
d(x− x′)eikx(x−x′)
×ΣR
(
k, x− x′, x+ x
′
2
)] (21)
Γij (k, kx, E) = −
∑
kx
[
2
h¯a
∫ ∞
−∞
d(x− x′)eikx(x−x′)
Σ˜Rij
(
k, x− x′, x+ x
′
2
)] (22)
Γij (kx, E) = −
∑
kx
[
2
h¯a
∫ ∞
−∞
d(x− x′)eikx(x−x′)
Σ˜Rij
(
x− x′, x+ x
′
2
)] (23)
Σ˜Rij = ViΣ
RV †j (24)
where Σ˜R is the mode-space self-energy, V is the eigen-
mode transformation matrix and a is the lattice constant.
Note that inelastic scattering in NEGF yields band tails
in the band gap. Since those are not part of the lin-
ear response Fermi’s golden rule in the next section, all
NEGF-based scattering rate results are truncated for en-
ergies in the band gap.
E. Scattering rates from Fermi’s golden rule
Due to the non-local nature of scattering, the Fermi’s
golden rule formulas are separately derived for each de-
gree of confinement similar to Ref. 50. Envelope wave
functions of the form
ψ(~r) =
ei
~k·~r
√
V
(25)
6for bulk,
ψ(~r) =
eik·r√
A
ζi(z) (26)
for ultra-thin body, and
ψ(~r) =
eikx√
L
ζi(y, z) (27)
for nanowires are assumed. The scattering rate is solved
with Fermi’s golden rule for the bulk case with
1
τbulk
=
2pi
h¯
∑
q
∣∣∣ 〈~k ± ~q∣∣∣H∣∣∣~k〉∣∣∣2
×finitial(1− ffinal)δ(Efinal − Einitial)
(28)
Here, ~q is the transferred momentum during scattering.
finitial and ffinal are the electronic distribution functions
for initial and final states. Scattering rates for ultra-thin
body and nanowire are accordingly given with
1
τUTB,i,j
=
2pi
h¯
∑
q
| 〈k ± q, j|H|k, i〉|2
×finitial(1− ffinal)δ(Efinal − Einitial)
(29)
1
τwire,i,j
=
2pi
h¯
∑
q
| 〈k ± q, j|H|k, i〉|2
×finitial(1− ffinal)δ(Efinal − Einitial)
(30)
where i and j are initial and final UTB and nanowire
modes, respectively. The transition element for bulk,
ultra-thin bodies and nanowires read∣∣∣ 〈~k ± ~q∣∣∣H∣∣∣~k〉∣∣∣2 = U2~q (31)
| 〈k ± q, j|H|k, i〉|2 =
U2q
∫ ∞
−∞
dz
∫ ∞
−∞
dz′ρij(z)ρ∗ij(z
′)eiq(z−z
′) (32)
ρij(z) = ζ
∗
i (z)ζj(z) (33)
and
| 〈k ± q, j|H|k, i〉|2 =
U2q
∫ ∞
−∞
dr
∫ ∞
−∞
dr′ρij(r)ρ∗ij(r
′)eiq·(r−r
′) (34)
ρij(r) = ζ
∗
i (y, z)ζj(y, z) (35)
where Uq is the scattering potential of Eqs. 2 or 4.
Inserting Eq. 2, the Fermi’s golden rule for electrons
scattering on charged impurities in bulk results in
1
τimp(E)
=
2e4m∗ND
pih¯320
√
2m∗E/h¯
ζ−2
(
ζ−2 +
8m∗E
h¯2
) (36)
The Fermi’s golden rule for electrons in ultra-thin body
mode i scattering on charged impurities into mode j
reads
1
τimp,ij(E)
=
2e4NDm
∗
h¯320(2pi)
3
∫ 2pi
0
dθF (|k − k′|, θ) (37)
where
|k − k′| =
[
2m∗
h¯2
(2E − Ei − Ej)
−4m
∗
h¯2
√
(E − Ei)(E − Ej)cosθ
]1/2
.
(38)
The form factor F is given by
F (q) =
∫ Lz
0
∫ Lz
0
dzdz′ρij(z)ρij(z′)I(q, z, z′) (39)
where
I(q, z, z′) =
pie−|z−z′|
√
q2+ζ−2
2 (q2 + ζ−2)
[
1√
q2 + ζ−2
+ |z − z′|
]
(40)
The total scattering rate that mode i faces is a sum of
all possible mode transitions
Γi(E) =
∑
j
Γij(E) =
∑
j
1
τij(E)
(41)
The Fermi’s golden rule for electrons in nanowire mode
i scattering on charged impurities into mode j can be
written as
1
τij(E)
=
e4ND
√
2m∗
h¯220(2pi)
3
(
F (k − k′) + F (k + k′)√
E − Ei
)
(42)
Form factor F is given by
F (q) =∫∫
A
∫∫
A
drdr′ρ∗ij(r)ρij(r
′)I(q, r, r′)
(43)
where the integration area A =
{(x, y)| 0 < x < Lx, 0 < y < Ly} and
I(q, r, r′) =

|r− r′|
2
√
q2 + ζ−2
K1
(√
q2 + ζ−2 |r− r′|
)
,
|r− r′| 6= 0
1
2 (q2 + ζ−2)
, |r− r′| = 0
(44)
The total scattering rate of mode i is a sum of all inter-
mode transitions likewise Eqn. 56.
The Fermi’s golden rule for electrons scattering on po-
lar optical phonons in bulk are expressed below with ab-
sorption and emission branches given separately.
7Bulk - Absorption process
1
τab(~k)
=
e2m∗h¯ωLONph
4pih¯30|~k|
(
1
∞
− 1
s
)∫ q+
q−
dq
q3
(q2 + ζ−2)2
(45)
where the integration limits of q (q−, q+) are(
2m∗
h¯2
)1/2 [√
E + h¯ωLO −
√
E
]
≤ q
≤
(
2m∗
h¯2
)1/2 [√
E + h¯ωLO +
√
E
] (46)
Bulk - Emission process
1
τem(~k)
= θ (E − h¯ωLO) e
2m∗h¯ωLO (1 +Nph)
4pih¯30|~k|
×
(
1
∞
− 1
s
)∫ q+
q−
dq
q3
(q2 + ζ−2)2
(47)
where the integration limits of q (q−, q+) are(
2m∗
h¯2
)1/2 [√
E −
√
E − h¯ωLO
]
≤ q
≤
(
2m∗
h¯2
)1/2 [√
E +
√
E − h¯ωLO
] (48)
and θ represents the Heaviside step function.
Total scattering rate is the sum of emission and ab-
sorption processes and is given by
1
τ(~k)
=
1
τem(~k)
+
1
τab(~k)
(49)
In a similar way, the absorption and emission contribu-
tions to the Fermi’s golden rule for electrons in the ultra-
thin body mode i scattering on polar optical phonons
into mode j can be expressed as
UTB - Absorption process
1
τij,abs(E)
=
4pie2m∗h¯ωLO
h¯30
(
1
∞
− 1
s
)
Nph
×
∫ 2pi
0
dθFabs(|k − k′|, θ)
(50)
where
|k − k′| =
[
2k2 +
2 (h¯ωLO + (Ei − Ej))
h¯2
−2k
[
k2 +
2 (h¯ωLO + (Ei − Ej))
h¯2
]1/2
cosθ
]1/2 (51)
UTB - Emission process
1
τij,emi(E)
=
4pie2m∗h¯ωLO
h¯30
(
1
∞
− 1
s
)
(Nph + 1)
×
∫ 2pi
0
dθFemi(|k − k′|, θ)
(52)
where
|k − k′| =
[
2k2 − 2 (h¯ωLO − (Ei − Ej))
h¯2
−2k
[
k2 − 2 (h¯ωLO − (Ei − Ej))
h¯2
]1/2
cosθ
]1/2 (53)
Form factor Fabs/emi is given by
Fabs/emi(q) =
∫ Lz
0
∫ Lz
0
dzdz
′
ρij(z)ρij(z
′)I(q, z, z′)
(54)
where
I(q, z, z′) =
e−
√
q2+ζ−2|z−z′|√
q2 + ζ−2
×
[
1− |z − z
′| ζ−2
2
√
q2 + ζ−2
− ζ
−2
2 (q2 + ζ−2)
] (55)
The total scattering of electrons in the mode i is the
sum of absorption and emission processes
Γi(E) =
∑
j
Γij(E) =
∑
j
1
τij,abs(E)
+
1
τij,emi(E)
(56)
The rates for absorption and emission of polar optical
phonons of electrons in the nanowire mode i scattering
into mode j read
Nanowire - Absorption process
1
τij,abs(E)
=
e2h¯ωLONph
h¯20
(
1
∞
− 1
s
)
.
2
(2pi)2
.
×
√
2m∗
(
F (k − k′) + F (k + k′)√
E − Ej + h¯ωLO
) (57)
k =
√
2m∗ (E − Ei)
h¯2
k′ =
√
2m∗ (E − Ej + h¯ωLO)
h¯2
(58)
Nanowire - Emission process
1
τij,emi(E)
=
e2h¯ωLO (Nph + 1)
h¯20
(
1
∞
− 1
s
)
2
(2pi)2
×
√
2m∗
(
F (k − k′) + F (k + k′)√
E − Ej − h¯ωLO
)
(59)
k =
√
2m∗ (E − Ei)
h¯2
k′ =
√
2m∗ (E − Ej − h¯ωLO)
h¯2
(60)
Form factor F is given by
F (q) =∫∫
A
∫∫
A
drdr′ρ∗ij(r)ρij(r
′)I(q, r, r′)
(61)
8where A = {(x, y)| 0 < x < Lx, 0 < y < Ly}
I(q, r, r′) =

(√
q2 + ζ−2 |r− r′|+ q
2 |r− r′|√
q2 + ζ−2
)
×
K1
(√
q2 + ζ−2 |r− r′|
)
2
,
|r− r′| 6= 0(
1
2
+
q2
2 (q2 + ζ−2)
)
, |r− r′| = 0
(62)
Similar to the scattering rate formulas above the total
scattering rate of electrons in the nanowire mode i is the
sum of absorption and emission into all possible modes
j.
F. Compensation factor for non-local scattering
self-energies
It was shown in Sec. II B that the electron scattering
on polar optical phonons and charged impurities are non-
local. Accounting for that full nonlocality in atomistic
NEGF is numerically very expensive. Neglect of nonlo-
cal scattering underestimates scattering and orbital di-
agonal scattering for a given position violates selection
rules51. In this work, the numerical implementation of
the self-energies described above are limited to atom-
blockdiagonals only, i.e. nonlocal effects are included
only within the range of a single atom. Interorbital tran-
sitions are only allowed within the same atom. To correct
this underestimation of scattering, a compensation fac-
tor is deduced from the Fermi’s golden rule results in
Sec. II E. The compensation factor is defined as the ratio
of the Fermi’s golden rule form factors for the local ap-
proximation vs. the full non-local formula. The compen-
sation factor for UTBs and nanowires can be represented
as
SUTB =∫ 2pi
0
∫ Lz
0
∫ Lz
0
dθdzdz
′
ρij(z)ρij(z
′)I(|k − k′|, z, z′)∫ 2pi
0
∫ Lz
0
∫ Lz
0
dθdzdz′ρij(z)ρij(z′)ILocal(|k − k′|, z, z′)
(63)
and
Swire =∫∫
A
∫∫
A
drdr′ρ∗ij(r)ρij(r
′)I(q, r, r′)∫∫
A
∫∫
A
drdr′ρ∗ij(r)ρij(r
′)ILocal(q, r, r′)
(64)
For electrons scattering on charged impurities, the UTB
and nanowire cases read
ILocal,imp(q, z, z
′) =

pi
(q2 + ζ−2)3/2
|z − z′| = 0
0, |z − z′| 6= 0
(65)
and
ILocal,imp(q, r, r
′) =

(
1
2 (q2 + ζ−2)
)
, |r− r′| = 0
0, |r− r′| 6= 0
(66)
For electrons scattering on polar optical phonons, they
read
ILocal,pop(q, z, z
′) =

1√
q2 + ζ−2
[
1− ζ
−2
2 (q2 + ζ−2)
]
,
|z − z′| = 0
0, |z − z′| 6= 0
(67)
and
ILocal,pop(q, r, r
′) =

(
1
2
+
q2
2 (q2 + ζ−2)
)
, |r− r′| = 0
0, |r− r′| 6= 0
(68)
The discretization of nonlocal scattering depends on the
real space mesh size. Self-energy matrices that are di-
agonal in the real space representation cover nonlocal
scattering only within the volume represented by each
single mesh point, i.e. each single atom. Therefore, the
compensation factors depend on the mesh spacing and
vary with system dimensions. To accurately represent
the zincblende lattices of this work, the mesh spacing
is chosen to agree with the spacing between subsequent
atomic planes in [100] direction (i.e. (ao/4)). Accord-
ingly, the integrals for the denominators of Eqs. (63)
and (64) run over the atomic volume. Note that Fermi’s
golden rule formulations in bulk systems do not contain
real space information - in contrast to the NEGF self-
energies. Thus, a formulation of Eqs. (63) and (64) for
bulk is not possible. Nevertheless, 50 nm UTBs with
20 electronic modes can mimic bulk behavior sufficiently
well. The compensation factors of 50 nm UTB cases are
therefore used in this work as bulk compensation factors.
III. RESULTS AND DISCUSSIONS
A. Scattering rate comparison with Fermi’s golden
rule
To verify the approximate treatment of nonlocal scat-
tering self-energies of Sec. II B, we benchmark the scat-
tering rates of NEGF calculations against Fermi’s golden
rule in bulk, UTB and nanowire equilibrium systems.
The energy resolved scattering rate of electrons scatter-
ing on charged impurities follows the electronic density of
9FIG. 1. a) Electronic dispersion of conduction band elec-
trons of a 4 nm layer of GaAs in the [100] direction and in
10-band sp3d5s* tight binding representation. b) Scattering
rates solved with NEGF (black) and with Fermi’s golden rule
(gray) for conduction band electrons of (a) scattering on ran-
domly distributed charged impurities of a concentration of
2 × 1018cm−3. The screening length is set to 3 nm. The
zero in energy is set to the bottom of the conduction band
(dotted). The spikes in the NEGF rates are due to limited
resolution of the energy and momentum space and the Fourier
transformation.
states multiplied with the impurity scattering potential.
The latter introduces a q−2 dependence of the rate, as
can be seen in Fig. 1 for conduction band electrons in a
4nm GaAs ultra-thin body. The NEGF predicted scat-
tering rate shows a good agreement with Fermi’s golden
rule. Note that the spikes in the NEGF rate result from
the finite numerical resolution of the transverse momen-
tum space. Finer momentum meshes produce smoother
NEGF scattering rates, but require significantly larger
computational resources52.
Similarly, NEGF results of nanowire electrons scat-
tering on charge impurities show good agreement with
Fermi’s golden rule (see Fig. 2). Short of a momentum
degree of freedom and the related resolution challenges,
the scattering rates smoothly follow the 1D density of
states. The steps in the scattering rates coincide with
valley energies and mark the onset of additional inter-
valley and intra-valley scattering.
GaAs valence band states are mainly composed of p-
orbitals, whereas electronic wavefunctions at the conduc-
tion band edge are mainly s-orbital type53. Therefore,
inter-orbital scattering is expected to be more important
in the valence band. Figure 3 compares the scattering
rates of GaAs valence band electrons. The good agree-
ment between the NEGF results and Fermi’s golden rule
suggests the approximation of equal inter-orbital self-
energy elements is appropriate. It is worth to mention
that neglecting inter-orbital scattering on the same atom
typically reduces the scattering rates by about 3×. Re-
maining deviations of NEGF and Fermi’s golden rule re-
sults can be addressed to the effective mass dispersion
FIG. 2. a) Electronic dispersion of conduction band elec-
trons of a 2× 2nm2 GaAs nanowire in 10-band sp3d5s* tight
binding representation. Valleys at the Γ point and the Bril-
louin zone boundary are labelled with V1, V2 and V3 and
marked by dotted lines. The zero in energy is set to the bot-
tom of the conduction band. b) Scattering rates solved with
NEGF (black) and with Fermi’s golden rule (gray) for conduc-
tion band electrons of a) scattering on randomly distributed
charged impurities of a concentration of 2 × 1018cm−3. The
screening length is set to 3 nm. Fermi’s golden rule shows
good agreement with NEGF over a wide energy range.
assumed for the Fermi’s golden rule results in contrast to
the multi-band atomistic treatment in NEGF. Note that
the scattering rate at the valence band edge is smaller
than the rate at the onset of the next valley (labeled
V1 and V2 in Fig. 3, respectively) due to the ratio of
the valley effective masses and their impact on scatter-
ing density of states.
The rates for electron scattering on polar optical
phonons predicted with NEGF and Fermi’s golden rule
of GaAs UTB conduction band and nanowire conduction
and valence bands are shown in Figs. 4, 5, and 6. NEGF
scattering rates in UTBs (Fig. 4) exhibit spikes due to the
numerical resolution of transverse momentum space sim-
ilar to the impurity scattering in Fig. 1. All the results
show steps when phonon emission and absorption pro-
cesses at energy h¯ωLO above or below the various band
and valley edges step in.
The scattering rates in Fig. 5 clearly shows absorption
and emission processses for valleys V1 and V2. For en-
ergies near the conduction band edge, the rate includes
phonon absorption and emission of electrons in valley
V1 only. Electrons with energies of 4h¯ωLO above the
V1 edge can absorb LO phonons and scatter to valley
V2 which results in an abrupt rate increase. Electrons
in V2 with a total energy exceeding the V2 edge by one
h¯ωLO can emit LO phonons within the same valley. Thus,
the scattering self-energies capture inter-valley and intra-
valley scattering processes. Similar feature can be seen
in Fig. 6 for electrons in the valence band.
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FIG. 3. a) Electronic dispersion of valence band electrons of
a 2 × 2nm2 GaAs nanowire in 10-band sp3d5s* tight bind-
ing representation. Valleys are labelled with V1 and V2 and
marked by dotted lines. The zero in energy is set to the top
of the valence band. b) Scattering rates solved with NEGF
(black) and with Fermi’s golden rule (gray) for electrons of
a) scattering on randomly distributed charged impurities of a
concentration of 2 × 1018cm−3 The screening length is set to
3 nm. Fermi’s golden rule shows good agreement with NEGF
over a wide energy range. Scattering rate steps show the onset
of additional intra-valley and inter-valley scattering of valley
V2.
FIG. 4. a) Electronic dispersion of conduction band elec-
trons of a 4 nm layer of GaAs in the [100] direction and in
10-band sp3d5s* tight binding representation. b) Scattering
rates solved with NEGF (black) and with Fermi’s golden rule
(gray) for conduction band electrons of (a) scattering on polar
optical phonons. The screening length is set to 3 nm. The
zero in energy is set to the bottom of the conduction band
(dotted). Onset of phonon emission (labeled with ”emi.”) is
observed at 1 LO phonon energy (h¯ωLO) above conduction
bandedge (dotted). The spikes in the NEGF rates are due
to limited resolution of the energy and momentum space and
the Fourier transformation.
FIG. 5. a) Electronic dispersion of conduction band electrons
of a 2×2nm2 GaAs nanowire in 10-band sp3d5s* tight binding
representation. Valleys at the Γ point and the Brillouin zone
boundary are labelled with V1 and V2 and marked by dotted
lines. Marked with dotted lines are also energies that are 1 LO
phonon energy below and above the respective valley bottom.
The zero in energy is set to the bottom of the conduction
band. b) Scattering rates solved with NEGF (black) and with
Fermi’s golden rule (gray) for conduction band electrons of a)
scattering on LO phonons. The screening length is set to
3 nm. Fermi’s golden rule shows good agreement with NEGF
over a wide energy range. The onset of absorption (labeled
with ”abs.”) and emission (labeled with ”emi.”) processes can
be clearly observed for the conduction band valleys V1 and
V2.
FIG. 6. a) Electronic dispersion of valence band electrons of
a 2 × 2nm2 GaAs nanowire in 10-band sp3d5s* tight bind-
ing representation. Valleys are labelled with V1, V2 and V3
and marked by dotted lines. Other dotted lines mark energies
that are one LO phonon energy above or below the respec-
tive valley energy. The zero in energy is set to the top of the
valence band. b) Scattering rates solved with NEGF (black)
and with Fermi’s golden rule (gray) for electrons of a) scat-
tering on LO phonons. The screening length is set to 3 nm.
Fermi’s golden rule shows good agreement with NEGF over
a wide energy range. Scattering rate steps mark the onset of
absorption (labeled with ”abs.”) and emission (labeled with
”emi.”) processes for the valleys V1, V2 and V3.
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FIG. 7. Electronic density of states close to the conduction
band edge of bulk GaSb, of a 4nm thick GaSb ultra-thin body
and of a 2×2nm2 GaSb nanowire in the presence of polar op-
tical phonon and charged impurity scattering. The electronic
density of states shows exponentially decaying band tails with
LO phonon echoes of the density of states at the bandedge
(indicated in gray). Therefore, these echos resemble the sys-
tem’s dimensionality indicated with the gray DOS sketches
for bulk (a), UTB (b) and a nanowire (c), respectively. To
ease the comparison, the real part of the retarded scattering
self-energies is neglected here.
B. Urbach tail predictions vs. temperature, doping
and confinement
Urbach tails are an important aspect for optical ex-
periments and the linewidth of absorption spectra10,54,55.
Figure 7 shows the density of states of electrons in GaSb
bulk, in a GaSb ultra-thin body and in a GaSb nanowire
when scattering on charged impurities and polar optical
phonons. The electronic density of states in the presence
of scattering on polar optical phonons and charged impu-
rities differs from the ballistic case that drops sharply at
the ballistic bandedge (marked with dotted line in Fig. 7).
The considered scattering processes enhance the density
of states below the bandedge into an exponential decay-
ing band tail. The shape of band tails is determined by
the nature of the density of states close to the bandedge
and the formation of LO phonon echos56.
Figure 8 shows the variation of the conduction band
tail with doping concentration and temperature. The
phonon self-energies increase exponentially with temper-
ature, which yields larger band tails (see Fig. 8). Impu-
rity scattering is an elastic process and does not directly
contribute to the band tail formation. However, once in-
elastic scattering on phonons creates a finite band tail,
elastic scattering on charged impurities enhances the den-
sity of states at every energy in the band tail. Therefore,
with increasing doping concentration, the band tail be-
comes larger and results in increasing Urbach parameters
with doping.
With increasing doping and increasing temperature,
phonon echoes are gradually washed out. This is due
FIG. 8. a) Electronic density of states close to the conduc-
tion band edge of bulk InAs as a function of energy (nor-
malized to LO phonon energy) for different temperatures. b)
Same as (a), but at room temperature and with varying dop-
ing concentrations. Increasing the temperature and the dop-
ing concentration enhances the scattering-supported band tail
formation. Elastic scattering that blurs the phonon echos is
increased in this way as well. To ease the comparison, the
real part of the retarded scattering self-energies is neglected
here.
FIG. 9. Urbach parameter of bulk GaAs as a function of
temperature for different n-type doping concentrations. The
NEGF predictions show good agreement with the experimen-
tal data of Ref. 57. Lines are meant to guide the eye.
to increasing momentum randomization during scatter-
ing on impurities and polar optical phonons. Increas-
ing temperatures enlarge the Lindhard screening length
ζ (see Eq. 3), which in turn supports larger differences of
initial and final momentum in the exponents of the im-
purity and pop self-energies (see Eqs. (6), (7), (11) and
(13)). In this way the electronic dispersion at the band
edge and with it the LO phonon echos gets blurred with
increasing temperatures.
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FIG. 10. Urbach parameter as a function of temperature for
n-type bulk InAs a) and GaN b) for different doping concen-
trations. Simulation results for the intrinsic materials com-
pare well with experimental data of Ref. 56 for InAs and
Ref. 58 for GaN. With increasing doping concentration, the
Urbach parameter increases more rapidly with temperature
due to the combined effect of higher phonon and impurity
scattering. Lines are meant to guide the eye.
As detailed in section II C, the Urbach parameter is
a scalar parameter that characterizes band tails. Fig-
ure 9 shows the variation of the Urbach parameter in
bulk GaAs as a function of temperature for different dop-
ing concentrations predicted with NEGF and compared
against experimental data of Ref. 57. The NEGF results
agree quantitatively with the experimental data for the
intrinsic material over a large temperature range. The re-
sults agree well for the 2× 1018cm−3 n-doped case. The
deviations in the doped case likely originate from scat-
tering on disorder effects and neutral impurity potentials
that come along with doping, but are neglected in the
NEGF calculations.
Figures 10 a) and b) show the Urbach parameter for
InAs and GaN. Also here, the NEGF predictions agree
well with the experimental data of Refs. 56 and 58,
for InAs and GaN, respectively. The Urbach parame-
ter value strongly depends on the strength of scattering
potentials and available density of states near the band
edge. The dielectric constants of GaN and the larger LO
phonon energy of GaN (92 meV) supports stronger LO
phonon scattering in GaN than in InAs (phonon energy
of 30 meV). In addition, GaN has a conduction band ef-
fective mass (0.2m∗) that is larger than the one of InAs
(0.025m∗) which enhances the density of states near its
band edge. Consequently, Figs. 10 show larger Urbach
parameters with a stronger temperature dependence in
GaN.
Figure 11 shows the simulated Urbach parameter of
GaN, GaAs, InAs and GaN as a function of the dop-
ing concentration. The behavior of the Urbach param-
eter with increasing doping concentration can be fit to
U (ND) = Uintrinsic + A
(
ND/10
18
)u
(lines in Fig. 11).
FIG. 11. Urbach parameter of bulk GaN, GaAs, InAs and
GaSb as a function of the doping concentration. Symbols
represent the NEGF results and lines depict the respective
fitting curve.
FIG. 12. Urbach parameter of 4nm thick GaN, GaAs, GaSb,
and InAs UTBs as a function of the doping concentration.
Symbols represent the NEGF results and lines depict the re-
spective fitting curve.
We follow e.g. Refs. 17, 59, and 60 in using a polynomial
fit function for the Urbach parameters and band gap nar-
rowing. The fitted parameters are given in Table II.
A similar dependence of the Urbach parameter on the
doping concentration is found in Figs. 12 and 13 for UTBs
and nanowires, respectively. The fitted curves in Figs. 12
and 13 capture the simulated results well. The corre-
sponding fitting parameters are given in Table II. The
doping dependence of the Urbach parameter differs sig-
nificantly for bulk, UTB and nanowires. For instance, it
is approximately linear in the case of bulk and sub-linear
with u = 2/3 for nanowires. That behavior arises from
three contributions - explicit doping dependence in im-
purity scattering potentials, implicit doping dependence
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FIG. 13. Urbach parameter of 2 × 2nm2 GaN, GaAs, GaSb,
and InAs nanowires as a function of the doping concentra-
tion. Symbols represent the NEGF results and lines depict
the respective fitting curve.
FIG. 14. Energy resolved conduction band density of states
with and without the real part of the retarded pop and im-
purity scattering self-energies. The real part shifts the band
edge to lower energies. The effective band gap narrowing
equals the band edge difference caused by the real part of the
retarded scattering self-energies.
through electrostatic screening and screening dependent
non-local scattering ranges as can be seen from Eqs. (6),
(7), and (9). While the fitted exponent u is uniform
across materials for bulk and nanowires, it varies strongly
for UTBs.
C. Band gap narrowing predictions vs.
temperature, doping and confinement
As detailed in Sec. II C and illustrated in Fig. 14, the
band gap narrowing is deduced from two simulations -
FIG. 15. Band gap narrowing caused by conduction band
edge shifts as a function of the n-type doping concentration of
GaAs. NEGF results agree quantitatively with experimental
results of Refs. 61 (labeled ”Exp. data A”), 62 (labeled ”Exp.
data B”) and 63 (labeled Exp. data C).
one with the real parts of all retarded scattering self-
energies neglected and one with real part fully included.
The band edge differences of the two simulations equals
the band gap narrowing.
To verify this approach, the NEGF predictions of band
gap narrowing are compared against published experi-
mental data. Figure 15 compares the simulated bandgap
narrowing as a function of the doping concentration for
bulk n-type GaAs with the experimental data of Refs. 61,
62, and 63. The band gap narrowing increases with the
doping concentration due to increasing impurity scatter-
ing. The simulation results show quantitative agreement
with the experimental data for conduction band edge
shift related band gap narrowing. The remaining devia-
tions can originate from crystal defects, disorder and ex-
citon interactions. Experiments show that valence band
edge shifts narrow the band gap similarly as the conduc-
tion band. In contrast, the NEGF results of this work
show only marginal changes of the valence band edges
indicating that the approximation of a constant scalar
screening length might be inappropriate for valence band
changes (for further discussion please see Ref.64).
Figure 16 shows the conduction band induced band
gap narrowing of GaN, GaAs, InAs and GaN as a func-
tion of the n-type doping concentration. All materials
follow similar trends. GaN, has a larger band gap re-
sponse due to the large phonon energy and the 3×
larger scattering potential compared to the other ma-
terials. Similar to the Urbach parameter, the variation
of the band gap narrowing with doping can be fit with
BGN (ND) = BGNintrinsic + B
(
ND/10
18
)v
. Fig. 11).
We follow e.g. Refs. 17, 59, and 60 in using a polyno-
mial fit function for the Urbach parameters and band gap
narrowing. The corresponding fit parameters are summa-
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GaN GaAs GaSb InAs
Bulk A = 0.38, u = 1 A = 0.20, u = 1 A = 0.20, u = 1 A = 0.25, u = 1
4nm UTB A = 22.21, u = 0.14 A = 2.04, u = 0.10 A = 6.92, u = 0.10 A = 0.18, u = 0.77
2×2 nm2 wire A = 2.70, u = 0.66 A = 0.17, u = 0.66 A = 0.10, u = 0.66 A = 0.11, u = 0.66
TABLE II. Parameters for variation of Urbach parameter with doping concentration for different materials for bulk, UTB and
wire. Fitting for simulation results has been performed using the expression U(ND) = Uintrinsic +A(ND/1E18)
u
FIG. 16. Band gap narrowing caused by conduction band
edge shifts as a function of the n-type doping concentration in
bulk GaN, GaAs, GaSb, InAs and GaSb. Symbols correspond
to the simulation results and lines correspond to fitted curves.
rized in Table III.
The band gap narrowing for GaN, GaAs, InAs and
GaN UTBs and nanowires as a function of the doping
concentration are shown in Figs. 17 and 18. Though the
trend is similar in all three scenarios, the detailed doping
dependence varies in bulk, UTBs and nanowires. This is
similar to the scaling exponent u of the Urbach parameter
fit in Table II.
IV. CONCLUSION
This work introduces self-energy formulas for bulk,
nanowire, and ultra-thin body electrons scattering on 3D
polar optical phonons and uniformly distributed charged
impurities in the multi-band tight binding representa-
tion. As often done, nonlocality of the scattering self-
energies is limited to avoid unfeasible numerical load.
This underestimation of scattering is compensated with
a scaling factor that is deduced from Fermi’s golden rule
prior to the actual NEGF calculations. Band tails and
band gap narrowing in GaAs, InAs, GaSb and GaN as
well as in UTBs and nanowires of the same materials is
predicted with NEGF in the self-consistent Born approx-
imation. The extracted Urbach tail parameter as well as
the conduction band driven band gap narrowing agrees
FIG. 17. Band gap narrowing caused by conduction band
edge shifts as a function of the n-type doping concentration in
4nm thick GaN, GaAs, GaSb, InAs and GaSb UTBs. Symbols
correspond to the simulation results and lines correspond to
fitted curves.
FIG. 18. Band gap narrowing caused by conduction band
edge shifts as a function of the n-type doping concentration
in a 2× 2 nm2 GaN, GaAs, GaSb, InAs and GaSb nanowire.
Symbols correspond to the simulation results and lines corre-
spond to the fitted curve.
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GaN GaAs GaSb InAs
Bulk B = 73.47, v = 0.33 B = 53.80, v = 0.33 B = 11.62, v = 0.72 B = 39.57, v = 0.33
4nm UTB B = 24.69, v = 0.13 B = 15.6, v = 0.12 B = 0.12, v = 0.85 B = 0.18, v = 0.77
2×2 nm2 wire B = 0.26, v = 1 B = 2.13, v = 0.8 B = 2.32, v = 0.66 B = 0.31, v = 0.87
TABLE III. Parameters for variation of band gap narrowing parameter with doping concentration for different materials for
bulk, UTB and wire. Fitting for simulation results has been performed using the expression BGN(ND) = BGNintrinsic +
B(ND/1E18)
v
quantitatively with available experimental data. This is
also true for their dependence on the doping concentra-
tion. A polynomial fit to the simulated Urbach tails and
band gaps eases interpolating predictions from this work
for bulk, UTBs and nanowires for different doping con-
centrations.
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